ABSTRACT The atmospheric pressure plasma jet (APPJ) has a merit to treat curved or 3D surface without using a ground electrode but nonetheless limits applications for expanding treatment area due to the localized ionization energy induced by the propagation along the direction of guided ionization waves. This paper proposes a uniform area treatment for surface modification based on the experimental case studies relative to variations of the APPJ structures, such as the number of array jets and guide-tube, including bluff-body (GB) system plus gas compositions. In these case studies, the current, infrared (IR), and optical emission spectrum (OES) are analyzed to investigate the factors affecting intensive glow-like plasma generation for uniform area treatment. Plasma-treated polyethylene terephtalate (PET) films are additionally examined to check the possibility of uniform area treatment for surface modification by using atomic force microscope (AFM), Fourier transform-infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), and water contact angle (WCA). Only in case of three-array jets with GB system using Ar with O 2 gas, the intense glow-like plasma is observed to be produced widely in discharge space, thereby enabling the entire surface of PET films to be treated uniformly. In particular, the proposed APPJs are observed to generate more abundantly the reactive nitrogen species (RNS) ranging from 330 and 380 nm and the reactive oxygen species (ROS) at 777.4 and 844.6 nm. Furthermore, the plasma-treated PET film shows that the abundant RNS and ROS play a significant role in smoothening and changing its surface into hydrophilic surface. As a result, it is confirmed that the intense glow-like plasma generated broadly by the proposed APPJs can uniformly treat the entire surface of PET films.
and deposition [3] , [4] , organic and inorganic materials etching [5] , [6] , and medical device [7] , [8] . The surface modification and polymer synthesis using atmospheric pressure plasma jets (APPJs) and dielectric barrier discharge (DBD) have been extensively studied due to the advantage for localized three-dimensional (3D) treatments [9] [10] [11] [12] , and large area-treatments, respectively [13] , [14] . The conventional APPJs have been known to be a promising growth source for a surface treatment because of the various benefits, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ such as low cost, simple structure, and treatment ability of curved surface without using a ground electrode [9] [10] [11] [12] . Nonetheless, the plasma plume by the conventional APPJs has locally ionized energy due to its propagation along the direction of guided ionization waves or plasma bullet, thus resulting in limiting their applications for the uniformity of jet arrays and treatment effect [15] [16] [17] . Thus, for the uniform area-treatment process, less attention has been paid to APPJs than DBD technique. There has been a few attempts to apply the array jets with an increased number of jets to expanding the treatment-area, but the problem of localized treatment area still remains [16] , [17] . The localized treatment area problem is inherently due to a streamer discharge produced in the conventional APPJs. To overcome this weakness of the conventional APPJs in view of a surface treatment, the required discharge characteristics would be a glow-like plasma instead of a streamer even though the jets are used as an APP source. In this sense, the new types of APPJs that can produce the intensified broad glow-like plasma in a discharge space needs to be studied. Our group has recently proposed a new plasma polymerization technique adopting an additional glass-tube and bluff-body (GB) system. As our previous works, we confirmed that the secondary flow and static pressure were increased via optimized GB system [18] , meaning that the flow direction of the plasma produced by the APPJs was randomly changed against the flow direction of gas in which it normally appeared in the conventional APPJs. Accordingly, the guided ionization waves were weakened and converted into an intense glow-like plasma due to the randomness of gas flow direction with the help of GB system in the APPJs [18] . The aim of this study is to improve the surface area treatment capability of the conventional APPJs by carrying out the case studies depending on the variations of APPJ structure, such as the number of array jets and guide tube including bluff-body (GB) system plus gas compositions.
In this study, we have examined single, three, and seven array-jets structures to investigate the effects of the GB system on the expansion of the array jets. The current, IR and optical emission spectrum (OES) were monitored to examine which are the significant factors affecting the intense glow-like plasma generation for uniform area-treatment. Our experimental results will show that the uniform and intense glow-like plasma can be produced only in case of threearray jet with GB system using Ar with O 2 gas. In addition, the reactive nitrogen species (RNS) of second positive system (SPS) and reactive oxygen species (ROS) have increased drastically because the Ar discharge gas stays longer and frequently interacts with the intense plasma in discharge region via GB system. Plasma-treated flexible PET films were also analyzed to investigate the influence on surface modification by the intense glow-like plasma for uniform area-treatment. Atomic force microscope (AFM) was measured in center region of the films to confirm the smoothness of the plasmatreated surface due to the significant increase in the RNS. Fourier transform-infrared spectroscopy (FT-IR), and X-ray photoelectron spectroscopy (XPS) were measured in center and edge regions of the films to check chemical bond changes. Water contact angle (WCA) was measured in several regions of the films to investigate the hydrophilic surface of the entire plasma-treated film in view of uniform areatreatment. As a result, plasma-treated PET films show that the RNS and ROS play an important role in surface smoothing and helping a hydrophilic surface. In addition, the plasma produced by the GB system uniformly treated the entire surface of the PET film, confirming that there exist a clear correlation among the plasma pattern formation, surface wettability, surface chemistry, and morphology. Fig. 1 shows a schematic diagram of the experimental setup used in this study. A plasma jet tube with an inner diameter of 1.5 mm and an outer diameter of 3 mm was 130 mm long and connected to the power generator by copper tape having a width of 10 mm from the end of the tube. The GB system consisted of a glass guide-tube and a polytetrafluoroethylene (PTFE) bluff-body. The guide-tube had a length of 60 mm and an inner diameter of 20 mm, whereas the bluff-body had an outer diameter of 15 mm. It should be emphasized that the glass guide-tube is adopted to induce further vigorous secondary flow and static pressure of discharge gases, which is one of the critical components of the proposed APPJ. This GB system spread the plasma in the discharge region [18] . Thus, three array jet structures were prepared to increase the treatment-area, as shown in Fig. 1 . The high purity Ar/He (99.999 %) with O 2 (99.999 %) gases were used and flow rates were 3000 and 15 standard cubic centimeters per minute (sccm) in all cases, respectively.
A sinusoidal voltage with a peak value of 10 kV and a frequency of 30 kHz was applied to the powered electrode. The PTFE bluff-body in the GB system acted as a floating electrode. A voltage probe (Tektronix P6015A), current monitor (Pearson 4100) and oscilloscope (LeCroy WaveRunner 64Xi) were used to measure the sinusoidal voltage and current.
B. PLASMA DISCHARGE ANALYSES
The photo-sensor amplifier and OES techniques were used to analyze the optical intensity and spectra of reactive nitrogen and oxygen peaks, respectively. The photo-sensor amplifier (Hamamatsu C6386-01) was used to measure infrared (IR) emissions in the discharge region. An optical emission spectrometer (OES, Ocean Optics, USB-4000UV-VIS) was employed to monitor the nitrogen and oxygen reactive radicals in plasma. As shown in Fig. 1 , the optical fiber of the optical emission spectrometer (OES) was positioned at a distance of 1 cm away from the guide-tube for horizontal location and 2 cm below the top of guide-tube for vertical location. The position of the optical fiber for measuring the IR emission was exactly the same as that of the OES.
All photographs of plasma plumes were taken with a DSLR camera (Nikon D5300) with a Macro 1:1 lens (Tamron SP AF 90mm F2.8 Di).
C. ANALYSES OF PLASMA-TREATED PET FILM
The flexible polyethylene terephtalate (PET) film was used as a substrate for plasma treatment and ultrasonically cleaned in 99.99% isopropanol and distilled water for 20 min, respectively, to remove contamination on the surface of the PET film. All the plasma-treated samples were measured and analyzed three times. AFM (Park Systems NX20) was used to monitor the surface roughness of PET films with a scanning area of 3 × 3 µm. The effects of the proposed APPJs on smoothness of surface morphology of plasma-treated PET film are examined by the AFM measurement. The AFM measurement point is specified in the center region of the plasma-treated PET film. The FT-IR and XPS analyses were used to determine the surface chemical changes of PET film treated by plasma. The FT-IR was taken using a Perkin-Elmer Frontier spectrometer between 650 and 4000 cm −1 . XPS was carried out using an ESCALAB 250Xi surface analysis system (Thermo Fisher Scientific, Waltham, MA, USA) with a monochromatic Al Kα X-ray source (hυ = 1486.71 eV) operated at 15 kV and 20 mA. The WCA analysis (DSA100m, Kruess) was conducted by the static sessile drop method and measured using a drop shape analysis system, consisting of a piezo dosing head which can dispense drops as small as 40 mL. The specified location of measurements for the plasma-treated PET films is depicted in Fig. 1 .
III. RESULTS AND DISCUSSION

A. OPTICAL AND ELECTRICAL DISCHARGE CHARACTERISTICS OF PLASMA
In order to get better understandings of the key factors, affecting glow-like plasma generation for uniform area-treatment, several parameter studies, in terms of device structures, such as the number of array jets, cases of employed GB systems (proposed APPJ) or not (conventional APPJ), were conducted and analyzed over time. Plasma images: (a) pure He plasma without GB system, (b) pure He plasma with GB system, and (c) He + O 2 plasma with GB system relative to number of array jets (single jet, three-array jets, and seven-array jets) for uniform area-treatment. Fig. 2 (a) shows the plasma images relative to the number of jet arrays in the case of pure He gas when the GB system is not employed. In general, it is not difficult to generate the He plasma at the APPJ due to the low discharge voltage characteristic. In addition, since the He has a high mobility and as such He plasma has a long life-time characteristic, the He plasma can be formed stably even when the number of the jet arrays is expanded to three or seven. However, for the pure He case, simply extending the number of array jets did not enable a uniform production in a large area because individual plumes were formed independently, as shown in Fig. 2 (a) . Fig. 2 (b) shows the plasma images relative to the number of jet arrays in the case of pure He gas when the GB system is employed. As shown in Fig. 2 (b) , the He plasma was diffused in the guide-tube, but it was formed unstably as a whole, implying that the pure He plasma was not suitable for large area treatment even though the number of array jets was increased under the GB system.
1) PLASMA IMAGES
The addition of a small amount of O 2 gas is known to be reported to be effective to keep plasma from changing arc discharge as an electronegative gas [19] , [20] . Thus, an additional experiment was carried out to investigate the influence of O 2 gas on the diffusion of the He plasma under various array jets. As shown in Fig. 2 (c) , nonetheless, the propagation of a plasma plume was difficult to control due to the properties of a longer plume corresponding to the high drift velocity caused by the lower mass and high metastable energy of the He atoms, resulting in the still localized plasma irrespective of adding an O 2 gas [21] [22] [23] .
For the pure Ar plasma, the Ar plasma tended to be produced very unstably irrespective of adopting the GB system (not shown here). It is known that since Ar atoms have a lower metastable energy (11.6 eV), the Ar plasma plume has to proceed via the streamer discharge to generate filamentous plasma due to the lower penning ionization rate [21] , [22] .
Moreover, the lower ionization energy (15.8 eV) would affect the production of abundant ions and electrons and as such lead to glow-to-arc transition [24] . As a consequence, the Ar + O 2 plasma instead of pure Ar plasma was examined in this experiment. Fig. 3 (a) shows the Ar + O 2 plasma images relative to the number of array jets without GB system. When a small amount of O 2 gas was added into Ar gas, the arc transition was alleviated by O 2 gas as an electronegative gas, compared to using only Ar gas (not shown here). However, the Ar plasma plumes emitted from the array jets were not interacted mutually and merged into intense glow-like plasma for uniform-area treatment even though the number of array jets were increased up to seven, as shown in Fig. 3 (a) . As shown in Fig. 3 (b) , in the case of adopting the GB system, the stable glow-like plasma was produced due to the combined effects of O 2 gas (i.e., suppression of glow-to-arc transition) and GB system (i.e., transition of guided ionization wave to glow-like plasma) [18] .
Our previous simulation result [18] on the gas flow mechanics about the guide-tube and bluff-body system has shown that the impinging gas flows on the bluff-body were mixed with the incoming gas flow from upstream, thereby producing an intense and broadened plasma near the bluffbody.
This simulation results are still applicable to our present experiment because the vaporized monomer is simply replaced by the electronegative gas such as oxygen gas. Similar results were also reported by Knoll et al. and Zhu et al. for changing from plasma bullets patterns to diffusive plasma patterns in enclosed environment matching feed gas chemistry using Ar and He APPJs, respectively [25] , [26] .
For seven-array jets, intense repulsion-force would work at the center jet and as such the other Ar plasma plumes become weak, thereby inducing unstable plasma [27] . Furthermore, our experiment adopted a floating electrode instead of a ground electrode, which would cause a plasma production for each jet more difficult, as shown in Fig. 3 (b) [27] , [28] .
On the other hand, in case of three-array jets with GB system, the intense and broadened glow-like plasma, especially at the vicinity of the surface of bluff-body where the PET films were placed, was produced, as shown in the magnified image of Fig. 3 (b) .This intense and broadened glow-like plasma was very similar to that in our previous result [18] . On the other hand, in case of seven array jets with GB system, the streamer-like discharge was observed only in the localized area especially at the right side, as shown in the magnified image of Fig. 3 (b) . A repulsion-force did not work only at a specific part of the device since the structures of the three glass tubes were completely symmetrical from a geometrical point. As a result, all three plumes were independently generated and came out at the edge of the glass tube and all three plumes could interact and merge into an intense glow-like plasma, as shown in Fig. 3 (b) . Thus, these results support that the unique features, such as 1) origin characteristics of Ar atoms (lower ionized and metastable energies) and 2) increase of secondary flow and static pressure with the help of GB system, influenced the generation of abundant ions and electrons, and diffusion in Ar discharge channel effectively. In addition, it is also notable that the Ar plasma behavior was not transited to arc discharge because of O 2 effect and showed diffusive and glow-like discharge, covering the entire surface of the film uniformly. Based on these results, we have focused 1) on the study of plasma discharge to single-jet, and threearray jet cases, and 2) on the study of effects of adopting the GB system, in terms of expandability on uniform areatreatment. Fig. 4 shows the applied voltages, total currents, and IR emission intensities of Ar with O 2 plasma without/with GB system relative to the number of array jets for uniform area-treatment. As shown in Fig. 4 (b) and (d), the current and optical intensities increased significantly, even when the same voltages and gas flows were applied, implying a high plasma energy state. It is presumably due to the enclosed environment that the Ar discharge gas was confined longer in a discharge region and then excited and ionized by plasma more frequently with the help of GB system as shown in our previous work [18] .
2) CURRENT AND IR ANALYSES
3) OES ANALYSIS
The reactive nitrogen species (RNS) and reactive oxygen species (ROS) are known to play an important role in surface modification for hydrophilic property of biological/medical applications [29] , [30] . To investigate the mechanism of intense glow-like plasma generation and effect of the GB system on the reactive radical species produced by the Ar with O 2 plasma, the optical emission spectra were measured in the single and three-array jets without/with GB system, respectively, as shown in Figs. 5 (a) and (b) . The RNS peaks of second positive system (SPS) are related to the wavelength ranging from 330 to 381 nm, whereas the ROS peaks are related to the wavelengths at 777.4 and 844.6 nm. The excited Ar radicals are related to the wavelength ranging from 695 to 850 nm. When adopting the GB system, the peaks of excited N 2 SPS were observed to be increased. In particular, at the three-array jet condition, the peak of excited N 2 SPS was increased considerably. In addition, in order to analyze ROS peaks, the measured OES was magnified in the wavelengths ranging from 760 to 865 nm, as shown in Fig. 5 (b) . When the GB system was adopted, the ROS peak of 777.4 nm was also significantly increased and the ROS peak of 844.6 nm was newly observed.
The role of GB system is to minimize the quenching from ambient air and simultaneously confining the jet flow in the discharge region by reducing an exhaust gas flow. In case of APPJs with GB system, the secondary flow and resultant recirculation flow motion are created due to the guide-tube and bluff-body, thereby enhancing the mixing condition between the Ar gas stream near the bluff-body and newly incoming Ar gas flows. Consequently, intensified glow-like plasma is produced in the vicinity of the bluffbody [18] . In this case, the high Ar plasma energy can be transferred to the RNS and ROS in a discharge region through a plasma coupling or plasma interaction of the plasma plume produced from the several jets at a specific discharge condition especially in the presence of the GB system [31] . In particular, the N 2 species requiring a higher breakdown voltage are the most actively excited than any other ambient species [32] .
As shown in Figs. 5 (a) and (b), for APPJs with GB system, the sharply increased intense peaks of excited N 2 SPS and O 2 were observed in comparison with the intense peaks of Ar. This OES result of Fig. 5 (a) confirms that even though the amount of N 2 species participating in the discharge from the ambient air is minimized, the N 2 SPS can further decomposed and activated thanks to the presence of the GB system in the APPJs.
To compare the OES analysis quantitatively among the excited species, the emission intensities of single jet without GB system are normalized as reference emission intensities. For comparison, other emission intensities are divided by the reference emission intensities. The detailed values are summarized in Table1. As shown in Table 1 , in the three-array jets with GB system, the normalized peak of N 2 SPS at 337.1 nm was increased almost 14 times more intense than in the single jet without GB system. In the three-array jets with GB system, the normalized peak of O at 777.4 nm was increased almost 4 times more intense than in the single jet without GB system. On the other hand, in the three-array jets with GB system, the normalized peak of Ar at 678.1 nm was increased about 1.8 times more intense than in the single jet without GB system.
B. CHARACTERIZATION OF PLASMA-TREATED PET FILM
In order to verify the effects on PET Films treated by the intense glow-like plasma in this experiment, we investigated the characteristics of the plasma-treated PET films such as surface morphology, chemical compositions, and associated hydrophilicity features. In particular, to get better understandings of the effects of intense glow-like plasma on uniform area treatment, the chemical compositions of the plasma-treated films with hydrophilic surface features were analyzed by the FT-IR, XPS, and WCA analyses at several positions of the films.
1) AFM ANALYSIS
In AFM measurement, the effects of significant increase of N 2 SPS on the surface morphology were examined. Fig. 6 shows the images of AFM measured in the center region of plasma-treated PET films via Ar with O 2 plasma after 10 sec in the single or three-array jets without/with GB system. The morphology of the pristine PET film was quite smooth, with an average root mean square roughness (Rrms) value of 0.443 nm, determined in a 3 µm × 3 µm surface of the film. As shown in Fig. 6 , the considerable topographical changes were observed after plasma treatment without the GB system. The AFM results exhibited that the particle-like irregular protuberances and blisters were generated, and the roughness was increased substantially, compared to pristine PET from 0.443 to 9.714 nm. These results are in agreement with the trend observed by Fang et al. [33] and Novák et al. [34] . Without GB system, the surface roughness of plasma-treated PET film was observed to be increased irrespective of the number of array jets, single, three, and seven (not shown here).
On the other hand, when the PET film was treated by the intense glow-like plasma produced by the GB system, the surface of the PET film was changed into a smooth one, as shown in the AFM image of three-array jets with GB system in Fig. 6 . For the single and seven (not shown here) array jets, the surfaces roughness of plasma-treated PET film was still increased even though the GB system was adopted.
The detailed data of average surface roughness (Ra) and Rrms with deviations are summarized in Table 2 . It would be inferred that the abundant excited N 2 radicals could be produced by the intense glow-like plasma with the help of GB system, thus contributing to smoothing the surface of the PET film [35] . Through AFM measurement, the changes in the surface morphology of the plasma-treated PET film were monitored, confirming that the most smooth surface of the PET film was obtained by the treatment of the plasma produce by the three-array jet with GB system. With the changes in the surface morphology of the plasma-treated PET film, another surface characteristics such as, chemical bonds and hydrophilicity of the plasma-treated PET films were simultaneously examined by the XPS and WCA measurements, respectively. In addition, these results are expected to be applied to research fields requiring very smooth thin films less than 10 nm, such as a conducting electrode layer of polymer light emitting diode (P-LED) device [18] .
2) FT-IR ANALYSIS
In order to confirm the uniformity of the area-treatment by the proposed APPJs, i.e., three-array jets with GB system, the bonding structures of the plasma-treated PET surface were analyzed in the center and edge regions, respectively, as shown in Fig. 1. Fig. 7 (a)-(d) show the FT-IR images of the pristine and the PET film treated for 10 sec using Ar with O 2 plasma in wavenumber ranging from 650 to 4000 nm. As shown in Fig. 7 (a) and (c), i. e., conventional APPJ without GB system, the variation of the chemical bond of the plasma-treated PET film was more significant at the center point compared to the chemical bond at the edge point. It is attributed to the localized processing area due to the guided streamer typically observed in conventional APPJ [12] .
On the other hand, as shown in Fig. 7 (d) , i.e., proposed APPJs, three-array jets with GB system, the bonding structure between the center and edge points was subsequently identical. Comparing Figs. 7 (a) and (c) (single, three, and seven (not shown here) array jets without GB system) to Figs. 7 (b) and (d) (single, three, and seven (not shown here) array jets with GB system), when the GB system was adopted, the peaks between 700 and 2000 cm −1 were decreased significantly, whereas the peaks between 2000 to 3500 cm −1 were increased broadly. It is presumably due to the -NH stretching band between 3300 and 3340 cm −1 , or OH stretching vibrations between 3300 and 3650 cm −1 [36] , [37] . In addition, we also observed the increase of C-O peak of oxygen bonding at 2100 cm −1 and nitrogen bonding at 2350 cm −1 [37] , [38] . Consequently, the uniformity of the area-treatment by the proposed APPJs, three-array jets with GB system was confirmed by showing the coincidence of the peaks of FT-IR between the center and edge regions of the plasma-treated FIGURE 7. FT-IR images in wave number ranging from 650 to 4000 nm of plasma-treated PET films via Ar with O 2 plasma for 10 sec: (a) single jet without GB system, (b) single jet with GB system, (c) three-array jets without GB system, and (d) three-array jets with GB system. Pristine PET is used as reference.
PET films. The main bonding structures for the hydrophilic surface are further examined in detail by the XPS measurement.
3) XPS ANALYSIS
Figs 8 (a) and (b) show the bar-plots presenting (a) the atomic concentration ratio and (b) the deconvoluted C1s core level spectra measured in the center and edge regions of the plasma-treated PET film using an Ar with O 2 plasma for 10 sec in the proposed APPJs, i.e., the three-array jets with GB system, respectively. For comparison, the pristine PET film was also measured in the center region, as shown Figs. (8) and (b). As shown in Fig. 8 (a) , the oxygen content was increased, whereas the carbon content was decreased when the GB system was adopted [39] , [40] . It should be noted that the nitrogen content was newly detected, which was not detected in case of the conventional APPJs. This new detection of nitrogen content in the plasma-treated PET film is presumably due to the significant increase of N 2 SPS induced by the proposed APPJs system with GB system, as already shown in the OES data of Fig. 5 (a) .
The decomposition of C1s peak is related to the carbon bonding with oxygen in polymer surface modification caused VOLUME 7, 2019 FIGURE 8. Bar-plots presenting (a) atomic concentration ratio and (b) deconvoluted C1s core level spectra measured in center and edge regions of plasma-treated PET films via Ar with O 2 plasma for 10 sec in three-array jets without/with GB system. In pristine PET film, center region is measured.
by plasma. The concentration of C1s spectra was calculated by deconvolution using Lorentzian fit and its result was shown in Fig. 8 (b) . C1s peak was deconvoluted into three peaks: 1) a peak of 284.6 eV by C-C/C-H bonds (C1); 2) a peak of 286.2 eV by C-O/C-OH bonds (C2); and 3) a peak of 288.6 eV by O=C-O/C-OOH bonds (C3). As shown in Fig. 8 (b) , when the GB system was adopted, the peak at 284.6 eV (C1) was observed to be decreased, while the oxygen-containing hydrophilic polar groups, such as C-O/C-OH bonds (C2), were increased, thus affecting the resultant hydrophilic capability of the PET surface. Furthermore, chemical bonding properties at the center and edge points of PET films were well coincided.
On the other hand, in the case of the PET surface treated by plasma without GB system, the similar bond as pristine PET was observed at edge point [41] , as shown in Fig. 8  (b) , indicating that conventional APPJ treated the PET surface only locally, as confirmed by FT-IR analysis shown in Fig. 6 . Based on the XPS data of Figs. 8 (a) and (b) , the changes in the elemental compositions and relative chemical compositions of C1s and N1s spectra are summarized in Tables 3 and 4 , respectively.
Meanwhile, as shown in Fig. 9 , when the GB system was adopted, the nitrogen chemical bonding of 399.4 eV ascribed to -N=O bond was newly observed in comparison with that in case without GB system [34] [35] [36] [37] . These results are deeply related to the production of abundant N 2 SPS with high reactivity induced by the intense glow-like plasma of the proposed APPJs with GB system. The surface of PET film was so exposed to the discharge space with abundant N 2 SPS that it reacted with the activated nitrogen species during plasma treatment process, thereby resulting in observing the nitrogen chemical bonding by the XPS. The -N=O bond detected in the PET film confirms the hydrophilic feature of the plasmatreated PET films [36] , [37] .
In conclusion, the abundant N 2 SPS by the intense plasma contributed to modifying the PET film surface to become more smooth and hydrophilic with the help of GB system. Furthermore, the broadened and intense glow-like plasma with RNS and ROS produced with the help of GB system, enabled the entire surface of PET films to be treated uniformly.
4) WCA ANALYSIS
In order to confirm the uniform surface treatment with hydrophilicity by the proposed APPJ, i.e., three-array jets with GB system, WCA measurement was performed for 16 regions by dividing the entire area (=10 mm × 10 mm) of PET substrate into 2.5 mm intervals, as shown in Fig.10 (a) .
Figs. 10 (b) and (c) show the 2D graphs of WCA of PET films treated with Ar + O 2 plasma for 10 sec for the entire area [11] , [40] . Table 5 shows the calculated contact angle average (CAa) and contact angle standard deviation (CAsd) obtained from the measured WCA values of Fig. 10 . As shown in Fig. 10  (b) , when the GB system was not adopted, the WCA values were in the wide range of 40 and 75 • , and especially the edges of the PET substrate were not treated well by the plasma. The oxygen atom content and the C-O/C-OH bond at the edge point are considered to have been observed to be lower than the center point.
On the other hand, when the GB system is adopted, all the WCA values were obtained between 30 to 40 • , as shown in Fig. 10 (c) , meaning that the hydrophilic surface treatment was effectively performed by the intense glow-like plasma generated by the three-array jets with GB system. It is notable that the very low CAsd (=2.8 • ) in the three-array jets with GB system confirms a successful realization of uniform surface treatment, as shown in Table 5 .
In addition, in the proposed APPJs, i.e., three-array jets with GB system, the higher oxygen-containing hydrophilic polar groups, such as C-O/C-OH bonds at both the center and edge points, are in good agreement with the XPS measurements with high oxygen atom content. Therefore, it can be inferred that uniform surface treatment for the PET substrate is highly dependent on the plasma generation pattern, that is to say, the broadened glow-like plasma originating from the localized guided-streamer.
Accordingly, it has been demonstrated that the proposed APPJs, i.e., three-array jets with GB system, can form a wide uniform glow-like plasma in order to uniformly process the entire area of the PET film. These results, as in our previous report, can be applied to applications where P-LEDs and gas sensor devices require a very smooth and thin film as a conductive or sensing material by plasma polymerization techniques [3] , [43] .
IV. CONCLUSION
In order to improve the capability of the uniform area-treatment for the conventional APPJs, we experimentally performed case studies depending on the variations of APPJ structures, such as the number of array jets and GB system including gas compositions. Only in case of three-array jets with GB system using Ar + O 2 gas, the intense glow-like plasma including abundant RNS ranging between 330 and 380 nm, and ROS at 777.4 and 844.6 nm, was produced. The abundant RNS and ROS were induced by adopting the GB system. In particular, in case of the three-array jets with GB system, the plasma-treated PET films showed a remarkable increase in oxygen-containing hydrophilic polar groups, such as, C-O/C-OH bonds, and a slight decrease of C-C/C-H bonds, as confirmed by the XPS analysis. In addition, the nitrogen bond of -N=O, directly resulting in the improvement of the surface hydrophilicity, was newly generated, as confirmed by the XPS analysis.
Furthermore, as confirmed by the WCA analysis with the lower CAa and CAsd values of the entire area (=10 mm × 10 mm) of PET substrate, the hydrophilic surface treatment can be effectively performed by the wide intense glow-like plasma generated by the proposed APPJs, i.e., three-array jets VOLUME 7, 2019 with GB system. Therefore, it is expected that the proposed APPJs will contribute to enhancing the uniform surface treatment capability by overcoming the localized area treatment problem of the conventional APPJs. 
